To study the evolution of gene regulation in the context of whole-genome duplication we 1 1 generated transcriptomic and epigenomic profiles in X. laevis early gastrula embryos 1 2 (Nieuwkoop-Faber stage 10.5; Additional file 1). We performed RNA-sequencing and 1 3 obtained epigenomic profiles using chromatin immunoprecipitation followed by deep 1 4
sequencing (ChIP-seq). We generated ChIP-seq profiles for H3K4me3, associated with 1 5
promoters of active genes, H3K36me3, associated with actively transcribed genes, the Polr2a 1 6 subunit of RNA Polymerase II (RNAPII) and the transcription coactivator p300. In addition, 1 7
we performed whole genome bisulfite sequencing to obtain DNA methylation profiles [15] .
1 8
The sequencing results and details are summarized in additional file 1.
1 9
We created whole genome alignments (see Methods) to establish a framework for 2 0 analysis of the epigenetic modifications in the two X. laevis subgenomes and in the X.
2 1 tropicalis genome. Respectively 61% and 59% of the X. laevis L and S non-repetitive 2 2 sequence can be aligned with the orthologous X. tropicalis sequence. This allows for 2 3 comparisons of the activity of genes and regulatory elements between homeologous regions. profiles (H3K4me3, p300, RNAPII and H3K36me3) of both X. laevis and X. tropicalis [16] 2 7 are shown and the sequence conservation obtained from the whole gene alignment is 2 8 illustrated by grey lines in the center of the plot. Regions that are conserved at both the 2 9
sequence level and at the functional level (as measured by ChIP-seq) are highlighted. The 3 0 anp32e gene is an example of a conserved gene that is expressed from all three genomes, as 7 non-overlapping classes we observe that deletions are a prevalent cause of pseudogenization 1 (39% and 44% on resp. L and S), and, as expected, the older pseudogenes are affected by 2 more than one type of damage (Additional file 3: Figure S5 ). Pseudogenization after genome 3 duplication has been observed to affect certain classes of protein functions more than others, 4 with metabolic functions often being the first ones to be lost relative to regulatory proteins 5 [7] . Indeed, when we date the loss of genes in the function categories associated with the loss, 6 we find an overrepresentation of various metabolic processes, with the pseudogenes 7 belonging to those categories dating often shortly after the WGD event (Additional file 3:
8 Figure S6 ). To find independent evidence that the rate of pseudogenization in X. laevis remains high until 1 1 the present we examined genes that appeared to be polymorphic with respect to their 1 2 pseudogene state: i.e. we searched for protein truncating variants (PTVs) (variants which 1 3 potentially disrupt protein-coding genes) in the progeny of two of our outbred genomes PTVs, we limited the analysis to SNPs that introduce a premature stop codon (nonsense 1 6 mutations), as they can be called relatively reliably [23] . As a reference, we compared the 1 7
nonsense SNP density with the one we measured in X. tropicalis using the same type of data 1 8
and settings to call the SNPs: i.e. the progeny of two outbred genomes. In the 23,667 1 9
annotated genes in L and 16,939 in S we detect 528 (2.23%) and 367 (2.17%) genes with at 2 0 least one loss of function variant. In contrast, in the 26,550 genes of X. tropicalis we detect 2 1 only 388 (1.46%) loss of function variants (Fig. 5c, left) . When normalizing the nonsense 2 2 variants by the total number of SNPs in coding regions per (sub) genome, the fraction of 2 3 premature stop variants in S (5.9x10 -3 ) is slightly higher than that in L (5.7x10 -3 ) while both 2 4 are substantially and significantly higher than in X. tropicalis (4.5x10 -3 ; p < 0.001 for both 2 5
comparisons; Chi-squared, Fig. 5c, right) . To substantiate that the selected PTVs are indeed 2 6
hallmarks of incipient pseudogenes, we compared their expression with the expression of the 2 7
other genes in their respective (sub)genome and found that genes with a SNP introducing a 2 8 premature stop codon have a significantly lower expression ( Fig. 5d ). Second, we found that 2 9
genes with this type of variants present in the population show evidence of loss of selection 3 0 when compared to the set of genes that are not pseudogenes (p = 10 -05 ; Student's t-test, Fig. 3 1 5e), and that this loss of selection is more recent than for pseudogenes with only a single 3 2 feature for pseudogenization that is fixed in the population (p = 5.6x10 -07 ; Student's t-test, Altogether, these results suggest that the differences that the subgenomes present nowadays 3 5 are, at least partly, due to the combination of a higher mutation rate and a more relaxed 3 6 selective pressure in S, leading to a differential gene loss. This gene loss continues to be at a 3 7
higher rate than in a closely related diploid species. Transposons have contributed subgenome-specific enhancer elements 4 0 4 1
The results described above document the pervasive loss and ongoing decay of coding and 4 2 regulatory sequences after interspecific hybridization genome duplication. We next asked to 4 3 what extent regulatory innovations have contributed to genomic evolution of this species. At 4 4 many loci, the profile of p300 recruitment is remarkably different between L and S loci, with 4 5 differences in both p300 peak intensity and number of peak regions across homeologous loci, 4 6
for example in the slc2a2 locus ( Fig. 6a ). We identified 2,451 subgenome-specific p300 relative to normal embryos (Additional file 3: Figure S9e ).
8
Recruitment sites of p300 however, are specifically gained and lost at several subsets of X.
9
tropicalis genomic loci in hybrid embryos (Fig. 7a ); 629 p300 recruitment sites were gained 5 0 9 (a 2.6% increase relative to normal X. tropicalis embryos), whereas just 67 p300-bound 1 regions were lost (adjusted p-value cutoff 1e-05). In the X. laevis part of the hybrid genome 2 none were lost or gained ( Fig. 7a ), indicating that the changes in the hybrid are biased 3 towards the paternal tropicalis genome. To assess the epigenetic state of the gained and lost 4 p300-binding regions, we used our epigenome reference maps of histone modifications in X. 5 tropicalis [16] . Among all the marks tested, only H3K9me3 was significantly enriched, 6 specifically at sites of gained p300 recruitment ( Fig. 7b ), suggesting that these regions are 7 heterochromatic in normal (TETS) embryos but can recruit the p300 co-activator in LETS 8 hybrid embryos.
While examining the p300 hybrid-specific recruitment sites, we noticed that transposable 1 0 elements were present at many locations ( Fig. 7c, d) ; 82% of the hybrid-specific p300 peaks 1 1 overlapped more than 50% with annotated repeats. We therefore examined the occurrence of 1 2 specific repeats at gained p300 sites, and found that three repeat annotations (family-451, 203 repeat with a 200 bp imperfect TIR, which shows ~80% similarity with those of known 1 7
PiggyBac-N2A DNA transposons (Additional file 3: Figure S10 ). We recently found that transposons that gain p300 binding in hybrids are much less abundant in X. laevis than in X.
1
tropicalis, suggesting that these relatively young transposons get derepressed in the X. laevis 2 2 egg which has had little prior exposure to this transposon. These elements also carry and are present in 10-35% of gained p300 recruitment sites, compared to a 1-3% prevalence 2 5 of these motifs in other p300 peaks ( Fig. 7e ). These DNA binding motifs represent binding 2 6 sites of Homeodomain, GATA and T-box binding factors, which are abundantly expressed 2 7 during early embryogenesis.
8
These results document DNA transposon-associated p300 recruitment and DNA methylation 2 9
instability in experimental interspecific hybrids. The genomes of the parental Xenopus species that gave rise to X. laevis through interspecific allow detailed analyses of the patterns of (epi)genomic loss and regulatory remodeling.
7
The loss of genes, regulatory elements and genomic sequence is caused predominantly by 3 8 deletions and mutations in both subgenomes, which erode the S subgenome more strongly [9]. As to why one particular subgenome erodes more quickly than another, one hypothesis is 4 3 that interspecific hybridization generates a crisis, referred to as 'genomic shock', for example the p300 co-activator in the hybrid, whereas normally they are repressed by H3K9me3. In contrast to these short-term effects of hybridization, our analyses indicate that new 9 pseudogenes continue to arise, both by mutations that cause premature stop codons, and by 1 0 deletions that truncate the coding region or delete intergenic or promoter regulatory 1 1
sequences. An elevated rate of pseudogene formation is observed on both the L and S suggesting genome erosion is a continuous process that has been and still is higher on S subgenome is unknown. The local mutation rate has been shown to correlate with replication 1 7
timing [27] , and it is possible that there are subtle but consistent differences in replication 1 8
timing between the two subgenomes.
9
The higher level of genome degradation in S relative to L appears to be the result of a higher 2 0 mutation and deletion rate in S, combined with less selection against the loss of (epi)genetic 2 1 elements in S. The higher deletion and mutation rates are supported by higher numbers of 2 2 deletions and mutations in regions that appear not to be under selection: intergenic regions, subgenome-encoded proteins involved in meiotic double strand break repair are also not fully 3 8
known, but it is conceivable that their skewed expression or activity is involved in 3 9
subgenome-biased NAHR. We have found evidence for a pervasive influence of repetitive elements, driving gene loss 1 7
and genomic sequence loss through NAHR, in addition to remodeling of the regulatory distinguish the short and long-term consequences of hybridization and to study the 2 1 mechanisms of vertebrate genome evolution. Embryos were generated using IVF (in vitro fertilization) with outbred animals, including 2 9
LELS embryos (laevis eggs-laevis sperm), TETS embryos (tropicalis eggs-tropicalis sperm) 3 0
and LETS embryos (laevis eggs-tropicalis sperm). X. laevis female frogs were injected with 3 1 500U of hCG (human chorionic gonadotropin, BREVACTID 1500 I.E) 16 hours before IVF.
3 2 A X. laevis male was sacrificed and isolated testis was macerated in 2 mL Marc's Modified 3 3
Ringer's medium (MMR) to be used immediately for fertilization. Both male and female X.
3 4 tropicalis frogs were primed with 100 and 15U of hCG 48 hours before IVF. Five hours prior 3 5
to egg laying, females were boosted with 150U of hCG. Male testis was always isolated 3 6 fresh. The testis was macerated in 2 mL FCS-L15 (10% fetal calf serum-90% L15 medium) 3 7 cocktail and used immediately for IVF. LETS embryos were obtained similarly using species 3 8
and sex-specific hormonal stimulation as described above. Once the macerated sperm 3 9 suspension was mixed vigorously over the layered eggs, they were left undisturbed for three 4 0 minutes and then the Petri dish was flooded with 25% MMR for the fertilized X. laevis eggs 4 1 (LELS and LETS) and 10% MMR was added to the fertilized X. tropicalis eggs (TETS).
2
Embryos were cultured at 25°C. The jelly coats were removed 4 hpf (hours post-fertilization) following antibodies were used: H3K4me3 (Abcam ab8580), H3K4me1 (Abcam ab8895), reserved for Experion (Bio-Rad) quality assessment run for rRNA depletion and the 3 0
remaining was used for first and second strand synthesis (strand-specific protocol). Total 3 1 yield of dscDNA was between 14.5-15.8 ng and out of this 1.2 -5 ng was used for sample 3 2 preparation for high high-throughput sequencing (according to manufacturer's protocol).
3 3 qPCR quality controls before and after sample preparation corroborated well and relative 3 4 depletion of 28S rRNA compared to control genes (eef1a1 and gs17) was taken as a quality 3 5 assessment indicator for sequencing-grade dscDNA. ChIP-seq reads were mapped to the X. laevis genome (Xenla9.1) using bwa mem (version [39]. Quantification of expression levels was performed using express eXpress version 1.5.1 5 0 MethylC-seq library generation was performed as described previously [42, 43] . The 120 -l 20 -n 0 as previously reported [44, 45] . Differentially methylated regions were called 3 5
using the methylpy pipeline, as described before [45] , with FDR < 0.05 and the difference in DNA-methylation free (hypo-methylated) regions were detected using the hmr tool from To consider a region as actively transcribed, we measured the H3K36me3 and RNAPII marks 4 8
(as RPKM) of 200.000 random regions in X. laevis. We considered active transcription every 1 4
region that showed at least the average of the measures plus two standard deviations, for both 1 signals independently. A set of high-confidence deleted regions was obtained using the progressiveCactus 1 5
alignment. We extracted all regions from the X. laevis genome that reciprocally aligned either 1 6
X. tropicalis and/or to the other subgenome. We then selected all regions that reciprocally 1 7 aligned to X. tropicalis but not to the other X. laevis subgenome. We merged all regions 1 8
within 10 bp and removed those that overlapped for more than 25% of their length with gaps.
As a final filtering step, we required a sequence that reciprocally aligned to the other between the two aligned flanks should be at most 4kb and at least 3 times shorter than the 2 2 size of the region in the subgenome where the sequence was not deleted. MQRankSum < -12.5 || ReadPosRankSum < -8.0" for X. tropicalis. For X. laevis the same 3 2 settings were used, except for MQ, which was set to "MQ < 40". SNPs passing the filter were 3 3 required to have at least ten-fold coverage with at least four observations of the alternative sequences were discarded in this step. We took the pseudogene candidates and retrieved their annotated 1 to 1 orthologs in human, parameters, considering the pseudogene as a "less reliable" sequence. After this, we In order to confirm the reliability of these results, we bootstrapped the alignments 1000 times Using the deletions track generated through the deletions call step (see Methods: Calling Term enrichment analysis was performed using PANTHER [56] . Briefly, we used X.
3 5 tropicalis orthologs names of the pseudogenes discussed in section 6 and we compared it to 3 6 the list of genes in X. tropicalis that successfully returned syntenic orthologs in X. laevis (see Methods: Search and alignment of orthologs and evolution rates). the support of SURF Foundation. DME and MAH were supported by the Virgo consortium, IvK and OB, RL. OB and GG performed analysis of differentially methylated regions.
1
Genome alignment and hybrid analysis was performed by GG. Analysis of deleted regions 2 2
and SNPs was performed by SJvH and DME. DME also performed analysis of mutation rates 2 3 and pseudogenes. DME, SSP, GG, MAH, SJvH and GJCV wrote the paper. DME, SSP, GG 2 4
contributed equally to the study. All authors discussed the results and commented on the 2 5 manuscript. The authors declare that they have no competing interests. (green), p300 (yellow), RNA Polymerase II (RNAPII; brown) and H3K36me3 (dark green).
7
The sequence conservation is indicated by grey lines. Conserved H3K4me3 and p300 peaks regions are more similar to each other than random genomic regions of the same size. shows slc2a2.L, which is highly expressed, as evidenced by RNAPII and H3K36me3, and new hybridization-induced peaks as well as peaks that disappeared after hybridization. In X. fold enrichment compared to all X. tropicalis peaks and present at least in 10% of the peaks). showing the DNA methylation instability in LETS hybrids. L  i  e  n  S  ,  K  o  o  p  B  F  ,  S  a  n  d  v  e  S  R  ,  M  i  l  l  e  r  J  R  ,  K  e  n  t  M  P  ,  N  o  m  e  T  ,  H  v  i  d  s  t  e  n  T  R  ,  L  e  o  n  g  J  S  ,  1   M  i  n  k  l  e  y  D  R  ,  Z  i  m  i  n  A  ,  e  t  a  l  :   T  h  e  A  t  l  a  n  t  i  c  s  a  l  m  o  n  g  e  n  o  m  e  p  r  o  v  i  d  e  s  i  n  s  i  g  h  t  s  i  n  t  o   2   r  e  d  i  p  l  o  i  d  i  z  a  t  i  o  n  .  N  a  t  u  r  e   2  0  1  6  ,   5  3  3  :   2  0  0  -2  0  5  .  3   8  .  E  v  a  n  s  B  J  ,  K  e  l  l  e  y  D  B  ,  T  i  n  s  l  e  y  R  C  ,  M  e  l  n  i  c  k  D  J  ,  C  a  n  n  a  t  e  l  l  a  D  C  :   A  m  i  t  o  c  h  o  n  d  r  i  a  l  D  N  A   4   p  h  y  l  o  g  e  n  y  o  f  A  f  r  i  c  a  n  c  l  a  w  e  d  f  r  o  g  s  :  p  h  y  l  o  g  e  o  g  r  a  p  h  y  a  n  d  i  m  p  l  i  c  a  t  i  o  n  s  f  o  r  p  o  l  y  p  l  o  i 
